A new apparatus was constructed to investigate the visible and near infrared fluorescence spectroscopy of electronically excited helium over a wide range of pressures and temperatures, covering both the gaseous and liquid phases. To achieve sufficient throughput, increased sensitivity was established by employing a micro-discharge cell and a high performance lens system that allows for a large collection solid angle. With this set-up, several thousand spectra were recorded. The atomic 3s
Introduction
The electronically excited states of condensed helium have attracted considerable attention in the literature. Unlike the other condensed rare gases, the spectra of helium clusters, droplets and liquid helium spectra show discrete, atomic-and molecular-like features [1, 2] . The microscopic foundations of these peculiarities have been the focus of considerable research activity over the past 50 years; much of this research has been devoted to identifying how the quantum nature of fluids affects electronically excited states [3] [4] [5] [6] . For example, the highly quantum nature of liquid helium is reflected in the isotope and implicit particle density-dependence of the energies of the electronically excited states [2] . Also, the non-radiative decay following electronic excitation of liquid helium droplets shows a dependence on the isotopic constitution and, implicitly, whether the droplets are superfluid or just normal liquid [7] .
From a more generic point of view, such studies are also important because liquid helium is one of the purest -if not the purest -of all substances that exist. At the temperature where helium becomes liquid, all foreign chemical impurities must inevitably freeze out. This is important because defects and impurities generally affect electronic structure and dynamics rather strongly. The exceptional purity of cryogenic helium has recently been exploited in studies of nucleation and growth of nanoparticles around ions in supercritical helium [8] .
Furthermore, helium is an interesting test system for theory. The atoms have only two electrons, which greatly facilitates high level ab initio calculations of clusters with several helium atoms involved [9] [10] [11] [12] [13] [14] [15] .
A variety of excitation methods have been reported, including radioactive particles [16] [17] [18] [19] [20] [21] , electron beams [1, [22] [23] [24] [25] [26] [27] [28] [29] , proton beams [30, 31] , discharges [8, [32] [33] [34] [35] [36] [37] and field emission [38, 39] . Helium clusters and droplets have been excited with electrons [40] [41] [42] [43] [44] [45] and with VUV radiation [2, 7, 11, [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] , including high harmonic generation [58] [59] [60] . More recently, intense VUV radiation from free electron laser light sources has also been employed [61, 62] .
In this paper, the fluorescence of excited helium atoms in gaseous and liquid helium has been investigated at cryogenic temperatures. A corona discharge has been employed to produce electronic excitation. Corona discharges operate over a wide range of pressures and densities, and can produce a rich fluorescence spectrum in liquid helium [34] [35] [36] . It is therefore possible to examine the excited levels as a function of pressure, temperature and thermodynamic phase. Recently, this technique was adopted for the study of helium excimers in gaseous and liquid helium. The excimers exhibited characteristic line shifts that were dependent on pressure, temperature, thermodynamic phase and whether the molecules were fully solvated and in thermal equilibrium with the liquid helium or located in hot gas bubbles within the liquid [37] . Both blue and red shifts were observed. These shifts depended on the thermodynamic phase. The analysis of the spectral features also revealed that molecules located in different environments contributed to the observed lineshapes, in that the observed spectral features could be superpositions of molecules in different sites.
Here, we report on atomic spectra that have been recorded between 0.1 and 5.6 bar and on isotherms between 3.8 and 5.0 K. This range covers the gas and the liquid phases of helium as our goal was to explore solvation effects with specific regard to the thermodynamic phase. Our work adds to previously available data sets: Soley and Fitzsimmons reported lineshifts of atomic transitions between saturated vapour pressure (SVP) and 25 bar for temperatures between 1.4 and 2.0 K. Both absorption and emission were investigated. All lines were blue-shifted when pressure was increased [29] . Li and Bonifaci investigated atomic spectra above the SVP in normal liquid helium [34] [35] [36] 63] ; our results are in agreement with these previously published results. However, we report new data at pressures and temperatures that have not been investigated before, including in the region the below the SVP. Depending on the temperature, a large part of the line profile in the region below the SVP is red-shifted. Our observations are important as a benchmark for theory [64] [65] [66] [67] [68] [69] [70] and will contribute to a better understanding of collisional processes, including in the atmosphere of the sun, and other stars and exoplanets [67] [68] [69] [70] [71] [72] [73] [74] [75] [76] . Our studies are also relevant to an understanding of micro-solvation. The excited helium atoms under consideration are in n = 3 Rydberg states. The 3s states are spherically symmetric and form bubbles of up to 15Å in diameter in liquid helium because of the Pauli-repulsion between the excited electron and the 1s 2 electrons of the neighbouring ground state atoms. Such states have similarities with anions which recently have been observed in helium clusters [77, 78] ; theory confirms that these clusters appear to have a similar bubble-like solvation structure [77] [78] [79] [80] [81] .
To make this advance a significant amount of spectra had to be recorded in a reasonable time. This required the construction of a spectrometer with a highly efficient optical system which greatly reduced the data acquisition time compared to instruments used in the state of the art literature. With the new set up we were able to record spectra in under 100 ms with very good signal to noise ratio. Also we demonstrated the viability of a new micro-corona discharge cell for excitation, enabling the investigation of superfluid helium in the future. A great deal of our paper is devoted to reveal the details this new experimental set-up.
Method
To investigate the effects of pressure, temperature and thermodynamic phase on the fluorescence of helium atoms in a wider range we designed and built a new apparatus, conceptually similar to that previously used by Li et al. [36] , but with better performance in a number of areas. A requirement was that the cell could operate at high pressures and at cryogenic temperatures around 4 K. Another objective was to measure a larger number of spectra in a given time per experimental run than possible with the apparatus used by Li and coworkers. To accomplish this, sensitivity had to be increased by several orders of magnitude. This was achieved by a newly designed lens system which was able to collect fluorescence light over a larger solid angle and delivered the light to the detector with significantly fewer loss in intensity.
For the cell, a cube-like design was chosen, providing faces for flanges for two high voltage electrodes, the helium gas supply and a window to couple out the fluorescence light. The approximately cubic cell had a side length of approximately 50 mm, providing an internal volume of 4 ml. It was made of oxygen-free copper (OFHC) to improve performance at cryogenic temperatures. Pressure tests showed that it could withstand over 100 bar. A section drawing of the cell is shown in Figure 1 .
The tip and the plane electrodes were mounted opposite each other on stainless steel flanges using Macor to establish the desired point-plane discharge configuration. The tip had been etched from a tungsten wire, having a radius of 250 nm as verified by scanning electron microscopy. The gap between the electrodes was 3-4 mm wide depending on the actual tip used and the thickness of the seals (which were made of indium). On the outside of the cell, the electrodes were connected to phosphor-bronze leads (insulated with polyimide) which were heatsunk on the first (80 K), second (4 K) and third cooling stages (300 mK-4 K). The electrical insulation of the wires was found to be insufficient for the required high voltage (in the 10 kV range). PTFE sleeving had to be introduced, which reduced the effect of the heat sinking.
The cell was mounted centrally to the "pot" of a closed-cycle Oxford Instruments Heliox AC-V He3 using a home-made adaptor plate. It turned out that the 3 He stage, which was connected to the pot, did not provide sufficient cooling power. Therefore, the pot was bridged with the second stage using copper braids. The temperature was measured using a calibrated Cernox resistor (CX-1030-CU-HT0.3L) mounted to the outside of the cell. The precision of the resistor was ±3 mK. The temperature of the helium inside the cell was verified at SVP and it was found that it deviated by no more than 0.1 K on the Cernox sensor readout. The temperature was changed via an electric heater and control circuit, which was part of the Oxford Instrument cryostat assembly. A cross-sectional view of the cell attached to the cryostat is shown in Figure 2 .
Helium was supplied through a stainless steel pipe (Swagelok part number SS-T1-S-020-6ME) of 1.6 mm in diameter. The pipe was heat-sunk on the first (80 K) and the second stage (4 K) and connected through a vacuum feedthrough with a gas-inlet system. The pressure was measured capacitively using a PXM409-USBH Omega transducer (0-100 bar absolute pressure). Helium of N6.0 research grade purity was supplied after repeatedly purging and evacuating the lines with a scroll pump.
After the initial evacuation of the cell, a glow discharge was ignited and reference spectra were recorded at room temperature. After starting the cooling-down process and reaching the base temperature and pressure (3.2 K and about 0.150 bar), additional gas was introduced in increments into the cell. By doing this, the temperature of the cell increases temporarily but the refrigerator took it back to its base value, with the overall effect of increasing the pressure ever so slightly. The process was repeated until the point that small increments in the amount of gas in the gas line did not produce further increases in the pressure. This is the signature of the helium lying on the SVP curve of the phase diagram. To produce liquid helium, more helium needs to be added to the line until an increase in pressure is observed (after stabilisation at base temperature). When the pressure transducer indicates a pressure above the SVP (and T is below T c ), liquid helium has been produced. When the helium was liquid, a corona discharge was ignited using high voltage in the region of 10 kV which was provided by a Spellman MPS 10N10/24/DCC2 power supply. It should be noted that in the gas phase, the ignition voltage was significantly lower than in the liquid phase. We also note that on average the ignition voltage was in our set-up about twice as high than that of Li et al. who used a wider electrode separation [82] .
Changing the pressure during operation was found to affect the discharge current and temperature of the cell. It was therefore not straightforward to record data along isotherms. Instead, we chose to record a large number of data points wherever we were able to establish stable conditions and select data points of interest from the large pool of data. Measurements at each point on the Fig. 3 . A section of the P T diagram for the gaseous and liquid phases of helium probed in the experiment. The saturated vapour pressure (SVP) curve of 4 He is marked as a red line, showing the difference in the phases of helium. Also, as an example, the selection criterion for inclusion of data as being on the isotherm is shown. The blue circles around the example data points are 0.1 K in diameter. Any point of data considered to be isothermic or isobaric is measured independently.
P T diagram were repeated at least three times. The criterion to select data points on a specific isotherm was that the temperature deviated by not more than 0.1 K from the isotherm -our error in temperature -and that the independently measured spectra were consistent. The procedure for selecting data points is illustrated in Figure 3 .
To collect the fluorescence light, a multiple lens system was used (see Fig. 4 ). An f = 50 mm achromatic lens (Edmund Optics Dwg. No. 47702INK) was placed 8 mm from the excitation zone. This lens simultaneously served as a sealing element. It was followed by a f = 15 mm convex lens (Thorlabs Part No. LB1092) which focused the fluorescence light to its focal point located approximately 75 mm away from the excitation zone and close to the radius of the radiation heat shield of the cryostat. This arrangement allowed a pinhole to be placed within the radiation shield to minimise heat impact from ambient radiation through the windows. The fluorescence light diverging from the pinhole was collimated by another f = 50 mm achromatic doublet, forming a parallel light beam that was directed via a vacuum view port onto a pair of metal-coated mirrors mounted on an optical table. An f = 150 mm achromatic doublet was used to focus the fluorescence light onto the slit of an Andor Technology Shamrock SR303i Czerny Turner spectrometer. Spectra were recorded with a Peltier-cooled (−65
• C) CCD camera (Andor iDus DV420, CCD-12855). A 1200 mm −1 grating blazed at 500 nm was employed throughout the work presented in this paper. The resolution was 0.2 nm. The spectral line profile of the instrument followed to a good approximation a Lorentzian function. This greatly facilitates deconvolution of the measured linewidths.
The acquisition time for each single spectrum was 10 ms for measurements in the gas phase and 100 ms in the liquid phase. The acquisition was repeated 20 times or 10 times for the gas and liquid phase, respectively, during which the spectra were accumulated and corrected for noise (cosmic event removal, etc.). This led to an effective exposure time,
Results
At low pressure, the features consist essentially of only the atomic line. With increasing pressure, the line broadens and begins to develop a blue-shifted wing. With increasing pressure, this wing becomes a separate band that takes on an increasingly symmetric line profile.
The corresponding atomic triplet lines (3s 3 S 0 → 2p 3 P 0,1,2 ) are shown in Figure 6 . At low hydrostatic pressure, the atomic line is visible. This broadens with increasing pressure and develops a blue-shifted wing. With further increases in pressure, this wing becomes a symmetric band whose maximum shifts to shorter wavelengths with increasing pressure.
To assess lineshifts, line broadening and intensity, the spectral lines were fitted to a Lorentzian function. Lorentzian functions produced equally good fits to the data as more complicated functions, but had fewer free parameters than, for example, Voigt functions. Also, compared to other ways for the assessment of linewidth such as full width at half maximum Lorentzian functions have the benefit of a greatly simplified deconvolution process. The deviation between different methods was under 10%. Details of this fitting procedure are given in our previous publication [55] . Figure 7 shows the lineshift obtained from this fitting procedure as a function of pressure for four isotherms. Correspondingly, Figure 8 shows the lineshift for the triplet line as a function of pressure for the same four isotherms.
The pressure dependence of the triplet 3s 3 S 0 → 2p 3 P 0,1,2 transition and the associated lineshifts have been measured before by Soley and Fitzsimmons for pressures above SVP [29] . The lineshifts obtained from our measurements agree broadly with both these results and also with more recent measurements where corona discharge excitation has been employed [36, 63] . To the best of our knowledge, lineshifts below SVP pressure have not been previously reported, and will be contrasted with values in the liquid phase.
Inspection of the pressure dependence of the lineshifts revealed regions where a linear dependence on pressure was apparent. These regions coincided with the gas and the liquid phases. We note that this coincidence cannot be taken for granted. The interaction between electronically excited helium atoms and ground state helium differs from the interaction between a helium ground state atom and another helium ground state atom. Also, many body effects of these systems may differ. As a consequence, one cannot expect the phase transition line of a mixed system of excited helium atoms dissolved in ground-state atoms to coincide with the pressures and temperatures where the gas-liquid phase transition of pure helium occurs.
To establish trends, lineshifts were grouped together depending on whether the data points lie in the gas or in the liquid phase. The dashed lines in Figures 7 and 8 mark the boundaries of the crossover region where no data points were available, and hence the phase transition could not be explored in finer detail. The function ∆λ(p) = ∂∆λ ∂p p + ∆λ 0 was fitted to the lineshifts. Lineshift coefficients, ∂∆λ ∂p and ∆λ 0 , were obtained for the gas and solvated phases. The coefficients are listed in Tables 1 and 2 , with the exception of the 3.8 K isotherm where too few data points below SVP were available for reasonable analysis.
A similar procedure was undertaken to assess linewidths. The linewidths obtained from fitting the spectral data with Lorentzian functions are shown in Figures 9 and 10 for the 3.8, 4 .0, 4.5 and 5.0 K isotherms. Similar to the treatments of lineshift, the data points were grouped together with respect to the thermodynamic phases and their apparent linear dependence on the pressure. A linear function was fitted to the data and linewidth coefficients were obtained. The resulting linear functions are shown in Figures 9 and 10 as straight solid lines, and the linewidth coefficients are listed in Tables 3 and 4 . Again, the dashed vertical lines mark the gap of data points where we have reason to suspect the crossover region between gas and liquid in assuming that for electronically excited helium the phase transition may not be exactly identical to that of pure helium. Our assumption is due to the changing slope of the linewidth coefficient trend lines and that this change is not always exactly on top of the SVP. These crossovers are identified in the same regions as with regard to the line shifts shown in Figures 7 and 8 . We note that for the 5 K isotherm the slope of the linear functions in the gas and the liquid phase are very similar. Also the data points are scarce. The grouping of data points is therefore slightly ambiguous. The data point at 1.6 bar could be grouped to the liquid phase which would produce an equally good fit. However, the crossover region would then lie between 1.0 and 1.6 bar which would be significantly below the phase transition of pure helium at 1.6 bar.
Also, the line intensities as obtained from fitting the spectral data with Lorentzian functions were examined. An apparent feature was that the intensity of the singlet lines was much lower than the intensity of the triplet lines (though this is not apparent from Figs. 5 and 6). The fluorescence intensity changes with pressure and temperature; an analysis without meaningful calibration is rather challenging. We have therefore divided the intensity of the triplet by that of the singlet lines prior to normalisation, which eliminates the effect of intensity changes due to external factors. 
Discussion
Corona discharges operating in a point-plane geometry in cryogenic helium create a confined region of excitation, producing a variety of localised electronically excited atomic and molecular transitions including the atomic transition which are at the focus of the present paper. The lineshift and linewidth observed for different pressures have been the topic of recent publications which show an inconclusive picture. Allard et al. [84] pointed out that the large linewidths reported by Li et al. [36] are incommensurate with the temperatures of the discharge cell and liquid helium. Also, the same authors stress that it is important to include in the analysis of lineshift interaction potentials over a large range due to the Rydberg nature of the states involved. Truncation at R = 16Å would be insufficient and lead to false results.
We add to these findings that our data shows significant differences between gas and liquid phase that rule out a quantitative analysis using the static or the impact approximation. These employ the density as the key parameter. The differences between gas and liquid phase unravelled in the present study shows that density alone cannot account for the observations. Our recent publication shows He 2 * molecular spectral features and population of high rotational quantum numbers equivalent to rotational temperatures of several hundred K, which is clearly incommensurate with a thermal equilibrium with liquid helium [37] . When the Table 2 . Lineshift coefficients for triplet atomic lines in the gas and the liquid phases. hydrostatic pressure of liquid helium is increased, these molecules were found to cool at a rate of at least 10 10 to 10 11 K/s via collisions with the liquid. At a pressure of a few bar practically all molecules end up in the lowest allowed rotational quantum state before they emit fluorescence. These findings suggest a picture where helium gas bubbles, driven by the corona discharge, co-exist within the body of the liquid helium. With increasing pressure, the volume available to the molecules in the bubbles decreases, equivalent to an increase of the concentration of helium in the gas bubbles [37] . However, we also found that the concentration of gas bubbles in the cell decreased compared to the concentration of fully solvated molecules, suggesting that increased pressure stimulated the solvation of the molecules. While this interpretation builds on previous findings for helium excimers, it is reasonable to assume a similar situation for helium atoms.
To test whether this assumption also holds for cryogenic gas, we compare the pressure dependence of the lineshift and linewidth coefficients and the triplet to singlet intensity ratios in the gas phase for the 3.8, 4.0, 4.5 and 5.0 K isotherms. All of these observables do not differ significantly between the different temperatures, with the exception of the 3.8 K isotherm. The most notable difference can be seen in the lineshift of the triplet atomic fluorescence, which decreases with increasing pressure in complete contrast to the trends observed at all other temperatures (Fig. 8) .
In the liquid phase, lineshift and linewidth coefficients, and triplet to singlet intensity ratios, show a dependence on the cell temperature. The slope of the coefficients increases with temperature with the exception of the 4.5 K isotherm. The intercepts of the lineshift coefficients are negative, indicating that the atoms are in a different environment than the gas phase. Also, the magnitude of the intercept increases with temperature, showing a greater sensitivity to the environment than the gas phase.
In summary, there are many indicators to suggest atoms being solvated in liquid helium, or at least that a significant percentage of solvated atoms contribute to the spectral features. The possibility that atoms in gas bubbles contribute to the spectra cannot be excluded, however, as we do not have the tools to disentangle such a contribution.
The triplet-singlet intensity ratio shows an interesting dependency on both the pressure and temperature. In the gas phase, the intensity ratio of the two increases in a rather linear fashion. The slope of this increase is almost independent of the cell temperature, indicating that plasma properties in the corona discharge region dictate the mechanisms of the energy transfer processes. A linear increase suggests that the higher lying singlet states, E(3s 1 S) = 22.920 eV, undergo collisions with ground state helium atoms to form the lower-lying triplet states with an energy of E(3s 3 S) = 22.718 eV, which is 0.202 eV lower than the singlet. However, such a conversion is rather unlikely. Not only does bridging this energy difference of 202 meV require rather high collisional temperatures, though this is in principle possible in a corona discharge plasma, but the Wigner-Spin rule would also be violated [85] . Singlettriplet transfers have been observed and investigated over many decades, including more recently in helium clusters and droplets that were electronically excited using monochromatic synchrotron radiation [50, 53] . Wellenstein and Robertson showed that in a gas excited by a glow discharge, the Wigner-Spin rule was not violated and that associative ionisation, He * + He → He 2 + + e − followed by dissociative recombination, He 2 + + e − → He * + He could entirely explain experimental observations [50, 73, [86] [87] [88] [89] [90] [91] [92] .
The He 2 + + e − → He * + He dissociation process has been investigated by Cohen [93] and Guberman [94] . The diabatic potential energy curves dissociating into the atomic 3s
1 S and 3s 3 S states cross the potential energy curve of vibrationally excited He 2 + [93] . In a simple picture, one would expect an intensity ratio of 3:1 dictated by the statistical weights of the atomic triplet and singlet states.
The fact that we observe a much stronger population of the triplet levels indicates that this simple picture does not fully account for the high densities and low temperatures Table 4 . Linewidth coefficients for triplet atomic lines in the gas and the liquid phases. present in our cell. Glow discharges at pressures higher than a few millibars are characterised by a high concentration of He 2 + [95] . Studies under such conditions give also evidence of more complicated reactions involving, for example, three-body collisions, He 3 + and He 4 + [95] [96] [97] . The observed strong increase of the triplet-singlet conversion rate with pressure in our work could therefore have a number of explanations. Also, the number of data points in the gas phase is limited and, while a linear dependence on pressure is apparent, we cannot rule out higher-order contributions to the slopes in Figure 11 .
In the liquid phase, the triplet-singlet ratio is lower for pressures slightly above SVP than in the gas phase (at slightly below SVP). The ratio, then, increases with pressure, but not as rapidly as in the gas phase. Also, the triplet-singlet ratio depends on the temperature of the isotherm. Higher temperatures show higher singlettriplet conversion rates. Given that the process appears to be more efficient in the gas phase at similar densities, a possible interpretation is that fewer particles are solvated at 5.0 K than at 3.8 K. At higher temperatures, the He 2 + , He 3 + and He 4 + in gas bubbles would have a greater chance to recombine with electrons than at lower temperatures because solvated ions and electrons have lower mobility in liquid helium [98] [99] [100] [101] .
In conclusion, we have demonstrated a new design for the efficient acquisition of fluorescence spectra of helium excited by corona discharge over a wide range of pressures at cryogenic temperatures covering the gas and liquid phases. Several thousand spectra were recorded, including in the previously unexplored region of dense cryogenic helium gas, and the atomic fluorescence lines emerging from the n = 3 singlet and triplet states were analysed. The dependence of lineshifts and linewidth on pressure supported the supposition that a significant number of atoms are solvated in the liquid phase. In the gas phase no appreciable dependence on the cell temperature was observed, indicating that plasma properties dictated the mechanisms of the excitation, energy transfer and emission processes. The fluorescence from triplet levels dominated the singlet levels by an intensity ratio of up to two orders of magnitude. This exceptionally high conversion rate was attributed to vibrationally excited molecular ion precursors undergoing dissociative recombination.
The demonstration of a new cryogenic high pressure discharge cell is encouraging for the future exploration of molecular interactions in liquid helium. The high throughput by which fluorescence light is collected and measured opens new avenues for investigating a large region in the P , T parameter space, including in the gas, supercritical, liquid and superfluid phases, providing new insight into solvation phenomena at the nanoscale. The methodological advance demonstrated in this work will be also important for the measurement of trace impurities in gases and liquids by fluorescence spectroscopy, using corona discharges for electronic excitation. Open Access This is an open access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0), which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
